Nuclear Physics
(10t lecture)
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« Consequences of nuclear deformation
o Rotational states
= High spin states and back bending
o Vibrational states
= Monopole, dipole and quadrupole vibrations,

= Giant resonances, experimental observations

The nuclear collective model (contd.)
Rainwater approximation (reminder)

sMarriage” of the liquid drop model and the shell model.
Concept: nucleus = c%re + valence Rucleon(s)

deformable shell model
liquid drop
Consequence #1: Some nuclei are deformed also in ground state.

Consequence #2: Nuclear quadrupole moment: R
Here S is the ,rigidity” of the core, and Q, is the |Q —[1+5<rz><s°}QN

guadrupole moment of the valence nucleon
Consequence #3: Nilsson-scheme : [~ <~ "~ 7
of shell-model levels e
Better description of (deformed)
ground-state properties

Further consequences of the core & potential deformation

4) No more isotropy—> rotational excitation is possible
5) Deformability ——> vibrational excitation is possible

Rotation

Classical physics — also a sphere can rotate ‘
Quantum physics — only deformed objects can rotate
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Rotator: E-" 2 N
20 «——moment of inertia

Total angular mementum :J "l‘ + J\valence nucleon
core rotation (not a rotation!)
(1j)=0, since I is perpendicular to the symmetry axis, and j is
precessing around it.

This means that: (17)=(3%)~(j?)=3(3 +1)- j(j+1)

32 =17+ j2+2(1f)

For the rotational excitations we have: |g :;L;[J (3+1)-j(j+1)

In the ground state I = 0, which gives J =
At a rotational excitation I is increasing, so we get J=j+1, j+2, ...
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For the rotational excitations we have: |- h; I

20

+1)-i(i+1]

For even-even nuclei because of parity conservation only

J=j+2, j+4, ... can occur, and of course j=0
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Rotational band

Explanation (Aage Bohr):

Nuclei are ,,superfluid” — because of the pairing
(like Cooper-pairs in superconductors)

Rotation: not like a rigid body, but more like a

,wsurface wave”

Rigid body: v=rx® — rotv=-2m

Superfluid: no friction inside — rotv=0
the ,,core” stays still, only the surface rotates

From rot v =0 follows:
v =grad ¢ (velocity potential)

Fluid is incompressible: divv=0

From all these the velocity potential: ¢ =

From V=grad ¢ the velocity field can be determined.
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Aage Bohr
1922-2009
Nobel-prize 1975
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This way @ can be measured!
It can also be calculated using the nuclear shape o(r)
(deduced from the quadrupole moment)!
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Why does it change (increases)
as J gets larger ?2?

The angular momentum: | = %J'p(r)[r xv]d3r
The rotational energy: g _ 1 M Jp(r)vzd 3
2

From these two E = 2—19 12 — @ can be calculated

. 2
Result: |9 o OigiaE” << H,igid‘

Aage Bohr, Ben Mottelson: ‘ﬁwave < Ofina = O, <6

observed rigid

good description, taking into account even the pair-correlation!

Nobel-prize 1975: A. Bohr, Mottelson, Rainwater

»...fOr the discovery of the connection between collective motion
and particle motion in atomic nuclei and the development of the
theory of the structure of the atomic nucleus based on this
connection.”




High spin states and back bending

Producing high spin states:
fusion of heavy ions

———
. l=rxp

T

Since p is big, large angular

A —
momentum states can be formed

Example: 100 MeV 160 + 222pg — 238 mmm) 40-507
2
Nuclear excitation energy: E,, = Z—e 1(1+12)

This is only the rotational energy! The nucleus may store energy
in other forms (e.g. deformation, internal excitation etc.)!

Ex -1 ”map”
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Vibration
It is convenient to give the instantaneous coordinate R(t) of a
point on the nuclear surface at (6, ¢) in terms of the spherical
harmonics )
RO =Ry +>. > o, ()Y, (6.0)
A op=—h

Due to reflection symmetry a, =a, .

2=0 vibration: monopole (GMR observed for A>40)
(breathing mode of a compressible fluid) E ~80- A% MeV
A=1 vibration: dipole

1
RO =R, + zam (t)Y1p Op)= Ry + all(t)Yll + alo(t)Ym +o, rl(t)Yl, EY
e

2
because o, (t)=0 for p#0 (o ,(t)=0y,(t) and Y, , =-Y,,) R=R,

1 3 3/2
=R, Jr0’10(':)Y1o =R, +a10(t) 7[2771) cosf

Giant dipole resonance (observed for A>16) E ~ 77 - Af% MeV,;

A=2 vibration: quadrupole

2
R(t) =R, + Z Oy, (t)'Yz,l (91 (/’) =Ry + 0,50 + 05051 + 0050+ 0y Yo + 0y Y,
2

=

1 5 1/2
=Ry +0tyt)- Yo = Ry +tyot) thj (3cos?0-1) / }Y
T | \
because e, = 0 for « # 0 (using appropriate coord. sys.) ' .
(for ellipsoidal shape, R is a function of only @) > %

The shape of the surface can be described by Y,(6,¢)
pu==2,+1,0. In the case of an ellipsoid R = R(@) hence = 0.

Quantization of quadrupole vibration is called a quadrupole

phonon, J*=2*. This mode is dominant.

For most even-even nuclei, a low lying state with J* = 2* exists

and near closed shells second harmonic states can be seen

Jr=0% 2%, 4°,

Giant quadrupole resonance (observed for A>16) E ~ 63- A’% Me\
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A=2 vibration: quadrupole

For a harmonic oscillation:

2

H=£mvz+1mwzrz=lBZiab
2 2 2 dt

5 C 1/2
N ( j ' [ ]
2 B

Orthogonal transformationto 3, vu(y o) .
4 o)=> a, Y& ¢
get a diagonal form: Zz 2,4 (0.0) Zz ¥ (09)
1= =0 Qp =3,

2 2 zzﬁZ

2
z‘az,y‘ =
H=-2 1
Commonly new variables are introduced: a,, = fcosy, a,, = ﬁﬂsm 4
The three main axis (k = 1,2,3) of the 5 )
ellipsoid are then: R —R, = /TROﬂcos(yf?”kj

T
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21
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H
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2

=

These two variables can be considered as polar coordinates, thus
every shape can be represented by a point in a 2D surface

B There are B-vibrations, y-vibrations

! .. one phonon, two phonon, etc...
Z-axis

The case of the two-phonon state

For every single-phonon state J, =J, =2*

Because of |J, —J,|<J <J, +J, we would expect J = 0*, 1+, 2*, 3*, 4*
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http://sukjaro.eu/SCsaba/GiantResonances/GiantResonances.htm

But consider the ,,m” quantum numbers: M =m, +m,

[ J,=2] J=2 | |
m; m, M
2 2 4 ]
2 1 3
2 0 2 —J=4
2 1 1
B 2 @ ] Only J = 0% 2%, 4* oceurs!
1 1 2 7
1 0 1 ~—J=2
1 -1 0 .
0 0 0 +J=0

Note: Only non-negative
m, and M values are shown.
The table is symmetric for M <0
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Example: vibrational states in 1“Cd

Number of phonons E
B e 1.283
N=2 VTR — 1208 two-phonon states
[0 1.132
N=1 /70 0558 single-phonon state
N=0 0h® O —--mmmmmeeeeee 0 ground state
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A>3 vibrations: octupole, hexadecupole etc.

o L0

A=4 a,<0

Octupole (A = 3) modes with J*= 3 can be observed in many nuclei.

The collective Hamiltonian (for A = 2)
Rotation

(the main axis rotate) Vibeational

potential energy
N2 2,02 1

~Lg(p2 4 p77)0 L Z‘ﬁwﬁ c

L 2 J 2

I
the total kinetic energy

2
The energy: E, =E,, +E, |Ewoi= Z[ jhwﬁ%'('ﬂ)
A
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Experimental evidences for giant resonances
Mainly (inelastic) scattering experiments

Giant dipole resonance (p,p), (e.e”), (v,p) etc.
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Giant Quadrupole (GQR) and
Giant Monopole (GMR) resonances .,
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Many different vibrational modes

. m s
have been established also e mert  Egs
eXpel‘imentally Morsch, Siikosd et al. Phys Rev. C 22 (1980) 489.

20




